Ångström Exponent (AE) and aerosol index (AI). The study was limited to low level water clouds in the summer.
Introduction

26
Aerosols and especially their effect on the microphysical properties of clouds are among the key components that 27 influence the Earth's climate. As the magnitude and sign of such effects are not well known, understanding and 28 quantifying the influence of aerosols on cloud properties constitute a fundamental step towards understanding the 29 mechanisms of anthropogenic climate change (IPCC, 2013).
30
As aerosols may act as cloud condensation nuclei (CCN), an increase in their number concentration can lead to an 31 increase in the number of cloud droplets in super saturation conditions and a decrease of the cloud droplet radius. The 32 decrease of the droplet effective radius resulting in an increase of the cloud albedo, under the assumption of a constant 33 liquid water path, is known as the Twomey effect (Twomey, 1977) . The decrease of droplet size can also impact the 34 precipitation cycle, as the smaller droplets require longer time to grow into precipitating droplet sizes. Additionally, a 35 possible decrease of the precipitation frequency of liquid clouds increases the lifetime of clouds (Albrecht, 1989) . These 
11
Areas located at high latitudes are excluded from most of the studies due to a seasonal limitation of the satellite 12 coverage and a smaller number of observations when compared to the global averages over the year. Lihavainen et al.
13
(2010) compared in-situ and satellite measurements to quantify the aerosol indirect effect on low-level clouds over 14 Pallas (Finland), a northern high-latitude site, and concluded that the ACI values derived from ground based 15 measurements were higher than those obtained from satellite observations. Unlike the in situ instruments, the 16 wavelengths used in the satellite retrievals constrain the detection of fine particles to those larger than about 100 nm, 
25
(MODIS) retrievals were investigated on a regional scale to determine whether it is possible to observe the response of 26 the properties of low-level liquid clouds to different aerosol loadings in different atmospheric conditions.
27
The satellite retrieval products are introduced in Sect. 2, the approach adopted for the aerosol-cloud interaction analysis 28 is described in Sect. 3, and the results of the analyses are presented in Sect. 4.
29
Data
30
The area covered in this study is situated at high latitudes (50º N, 10º E, 70º N, 35º E). At these latitudes the solar zenith 31 angle (SZA) constrains the available satellite dataset: a large value of the SZA implies higher uncertainties on the 32 retrieved parameters. Due to the SZA and data coverage constraints, we limit the dataset to summer season (June, July, 
35
The MODIS Collection 06 Level 3 (C6 L3) product provides cloud and aerosol parameters at daily time resolution and 36 at a regular 1º x 1º degree spatial grid. The application of MODIS satellite data to aerosol-cloud interaction studies is 
38
(2002) and Anderson et al. (2003) showed that in the case of daily products at 1º x 1º degree resolution it is unnecessary 39 to individually couple the aerosol and cloud measurements. Therefore, in this study aerosol and cloud data are assumed 40 to be co-located.
41
The MODIS C6 L3 product includes cloud microphysical parameters (CER, COT, LWP) with statistics (mean, 42 minimum, maximum, standard deviation) determined at three different wavelengths (1.6, 2.1 and 3.7 μm) for each 43 cloud phase (liquid, ice, undetermined) separately.
44
We filtered the MODIS cloud data according to the following criteria: 
3
 Observations with a mean cloud top temperature less than 273 K were eliminated to ensure only warm liquid 4 cloud regimes.
5
 The multi-layer flag was applied to select only single layer clouds.
6
 Transparent-cloudy pixels (COT < 5) were discarded to limit uncertainties (Zhang et al., 2012).
7
 The CER derived from the 3.7 μm wavelength was chosen as it has been shown to be less affected by the sub- 
11
The science data sets (SDS) for the atmospheric aerosol information in the MODIS C6 L3 provides the AOD retrieved 12 at several wavelengths and as a product from the application of either the 'Deep Blue' or 'Dark Target' algorithm, or a 
17
'Aerosol_Optical_Depth_Ocean_Mean' were used to derive the AE globally as shown in Sect. 3.
18
To assess the effect of meteorological conditions on cloud properties the ECMWF ERA-Interim re-analysis data were 
23
After selecting the cloud parameters as listed in the previous section, the number of observations were binned for both
24
aerosol and cloud products. From the obtained histograms, the 95 % of the most frequent ranges were selected from the 25 total dataset by filtering out 2.5 % of data from the extremes. These statistically more robust datasets were used in 26 further analysis.
27
The product of the AOD, representing the column-integrated optical extinction of aerosol at a given wavelength, and the 
34
to the wavelength pair of 1 = 0.66 μm and 2 = 0.46 μm which are available both over land and over sea. The C6
35
MODIS aerosol algorithm does not, however, allow the determination of the AE for coastal and inland water regions 36 (Levy et al. 2013 ). This would leave large parts of the Baltic region under investigation in this work out of the analysis 37 (see Fig.3 b and c). For this reason the aerosol-cloud interaction was analysed, in addition to the AI, also with the AOD.
38
Seasonal mean values of aerosol (AOD, AE, AI) and cloud parameters (CER, CF, COT) were computed for the period 
40
Aiming to observe how the variation in aerosol conditions influences cloud properties, we adopted the approach of 
12
(Cloud_X 75th percentile ) aerosol evidences the impact of these two aerosol cases on the parameter Cloud_X. 
17
The area of this study was divided into three sub-regions as presented in Fig. 1 : Area 1 covers the Baltic Sea, while
18
Area 2 and Area 3 include only land pixels over Fennoscandia and Central-Eastern Europe, respectively.
19
The ACI related to the CER was computed using the formulation from McCominsky and Feingold (2008): (Fig. 3a, c ) when compared to the surrounding area. In fact, the AOD over Area 1
24
is as low as in Area 2 ( Fig. 2) , even though for these land areas the CER is about 1-2 μm larger.
25 Figure 4 presents the 10-year average of the cloud properties, divided into five classes of the AI (Fig. 4a-d ) and AOD
26
( Fig. 4e-h 
32
be seen for the COT (Fig. 4c, g ) and LWP (Figs. 4d, h ) while the CF (Fig.4b, f) shows a weaker signal for both AI and
33
AOD cases. Overall, Fig. 4 reveals that the cloud parameters are clearly affected by the AI/AOD segregation at lower 34 levels of CTP. For this reason, we limit our dataset to cloudy pixels where the CTP is between 700 hPa and 900 hPa.
35
In Fig cleaner areas. This result is in contradiction with the theory of the AIEs. The presence of aerosol appears to have little 8 or no effect on ΔCOT (Fig. 6b) and ΔLWP (Fig. 6e) .
9
In an attempt to connect the link between aerosol and cloud with meteorology, we evaluated the variability of low-level
10
liquid cloud properties as function of aerosol conditions (AOD/AI) and lower troposphere stability (LTS). (Fig.7 b,f) and higher CF (Fig. 7 c,g ) and LWP ( fig. 7a ), in agreement with the AIEs, except for the LWP
15
( Fig. 7e ) that decreases as a function of the AOD. The LWP (Fig. 7e) shows a non-monotonic response by increasing 20 Figure 8 illustrates the ACI estimate for the CER (Fig. 8a ) and its corresponding correlation coefficient ( 
33
correlated over Area 3 suggesting that high aerosol loading correspond to larger cloud effective radius (Fig.6c, Fig.8 ,
34
and Fig.9 ). One possible explanation might be the indication of the relationship between CTP and AOD: the CTP 35 decreases for increasing AOD (Fig.4) and at the same time the CER increases with decreasing CTP (higher altitude) in 36 convective clouds (Rosenfeld and Lensky, 1998) . Nonetheless, this result must be treated with care as other factors,
37
such as hygroscopic effect, influence the relationship between AOD and cloud parameters and cannot be fully ignored.
38
Discussion and Conclusions
39
In this work we have studied the applicability of satellite-based information for quantifying the aerosol-cloud 40 interaction over the Baltic Sea region. Distinct sub-regional differences were found in the estimates of the ACI related
41
to the effective radius of cloud droplets. No clear ACI results were observed for the other cloud parameters which
42
suggest that these may be influenced by other factors, such as the local meteorological conditions. The meteorological 43 conditions are represented here by the LTS which was compared to the cloud parameters. The LTS is correlated with 44 the CF while no effect was observed upon the other cloud parameters. In particular, there is no clear evidence of the 45 effect of LTS on the interaction between aerosols and cloud effective radius.
46
One of the key aspects of this study was to find out whether a rigorously filtered Level 3 MODIS dataset can be applied for aerosol-cloud interaction studies at a regional level. As the northerly location of the region of interest here restrains 
10
The cleaner atmosphere characterizing Area 1 (the Baltic Sea) and Area 2 (Fennoscandia) reveals statistically 
17
Our analysis of the ACI for the CER shown in Fig. 8 leads to the following conclusions:
18
 The lowest values of the ACI can be seen over Area 3. This is also the sub-region with the highest average 
35
 The ACI over Area 1 has considerably higher values than over the land sub-regions, and there is a difference in 36 the magnitude between the ACI values determined using the AOD or AI. The clean maritime atmospheric 37 conditions lead to the high sensitivity of droplet size to changes in fine particle concentrations. The AOD and
38
AI difference in ACI, the latter being the higher, indicates that the ACI is caused by fine particles as expected.
39
Another way to assess the aerosol induced changes in cloud parameters would be to analyse time series to find out 40 whether dynamically decreasing or increasing aerosol loading has an effect on clouds. 
